Pannexin 1 (Panx1) forms plasma membrane ion channels that are widely expressed throughout the body. Panx1 activation results in the release of nucleotides such as adenosine triphosphate and uridine triphosphate. Thus, these channels have been implicated in diverse physiological and pathological functions associated with purinergic signaling, such as apoptotic cell clearance, blood pressure regulation, neuropathic pain, and excitotoxicity. In light of this, substantial attention has been directed to understanding the mechanisms that regulate Panx1 channel expression and activation. Here we review accumulated evidence for the various activation mechanisms described for Panx1 channels and, where possible, the unitary channel properties associated with those forms of activation. We also emphasize current limitations in studying Panx1 channel function and propose potential directions to clarify the exciting and expanding roles of Panx1 channels.
Introduction
Pannexins are a relatively recently identified class of membrane channels that are garnering interest across diverse fields of biology. The gene family was discovered by Yuri Panchin and colleagues, who used bioinformatics and cloning approaches to search for homologues of invertebrate innexins in Chordata; they proposed to name them pannexins, in recognition of their widespread presence across many phyla (i.e., in all eumetazoans, except echinoderms) and sequence similarity with innexins (Panchin et al., 2000; Abascal and Zardoya, 2012) . At this time, family members from chordates are specified as pannexins, and homologues from nonchordate animals are referred as innexins. Members of the innexin/pannexin family contain four transmembrane (TM) domains with intracellular N and C termini and several conserved cysteines in the first extracellular loop. Despite this shared sequence homology and membrane topology, pannexins constitute plasma membrane ion channels under physiological conditions, as opposed to the gap junction channels formed by innexins (reviewed in Sosinsky et al., 2011) . It is noteworthy that neither innexins nor pannexins share significant sequence homology with connexins, the vertebrate gap junction proteins that share the same general topological features (Panchin et al., 2000; Bruzzone et al., 2003; Baranova et al., 2004) .
Additional members of this extended 4-TM channel family include the leucine-rich repeat-containing eight proteins (LRRC8A-LRRC8E, also known as SWE LL), which are volume-regulating anion channels that allow permeation of anions and electrolytes in response to change of environmental osmolarity; and calcium homeostasis modulator 1 (CAL HM1) channels, which generate mixed ionic currents with weak cation selectivity and allow ATP release when extracellular Ca 2+ concentrations are reduced (Abascal and Zardoya, 2012; Siebert et al., 2013) . N-glycosylation has been reported in Pannexin channels (Panx1-Panx3; Boassa et al., 2007; Penuela et al., 2007 Penuela et al., , 2009 , as well as in LRRC8A (Voss et al., 2014) and CAL HM1 (Dreses-Werringloer et al., 2008) . Although the effect of N-glycosylation on channel properties remains unknown, it has been suggested to regulate cell-surface expression of Panx1 and may preclude the formation of gap junctions between Panx1 channels from neighboring cells (Boassa et al., 2007 (Boassa et al., , 2008 Penuela et al., 2007) . The diverse and physiologically important functions of the members of this family of channels is drawing tremendous attention, with much yet to be learned about their respective channel properties and regulatory mechanisms, both shared and distinct.
In this review, we seek to provide a comprehensive analysis of experimental evidence for functions and regulation of pannexins, particularly Panx1. In so doing, we call attention to potential pitfalls in earlier studies and challenge long-held views regarding activation mechanisms and channel properties of Panx1. We propose alternative explanations for disparate results and suggest interpretive cautions and best practices for future research. Although we focus primarily on pannexin channels, it is important to remain mindful of the related channels and how their shared properties could confound interpretations with respect to pannexin channels, as well as how their distinct characteristics might be used to help resolve confounding results.
Overview of Pannexin biology
In vertebrates, three pannexin paralogues (Panx1, Panx2, and Panx3) have been identified. Among these, Panx1 is the most widely represented in diverse tissues and cell types, including lymphocytes, adipocytes, muscle, endothelium, and epithelial cells (Baranova et al., 2004; Penuela et al., 2007; Chekeni et al., 2010; Billaud et al., 2011; Seminario-Vidal et al., 2011; Lohman et al., 2012a; Adamson et al., 2015) . In contrast, expression of the other pannexins is limited to select tissues, with prominent expression of Panx2 primarily in the central nervous system and Panx3 in skin and skeletal tissues (Bruzzone et al., 2003; Baranova et al., 2004; Penuela et al., 2007; Iwamoto et al., 2010) . These pannexin paralogues share ∼50% similarity in amino acid sequence, with higher similarity found in their N termini and TM regions (Penuela et al., 2009 ). The C-terminal tails harbor greater variability in both length and amino acid identity; of note, Panx2 possesses the longest C-tail, with proline-rich and hydrophilic regions (Yen and Saier, 2007) . Thus, C-tails may present unique regulation sites that could underlie functional divergence among the different pannexin paralogues.
Panx1 forms oligomeric channels in the plasma membrane, potentially hexamers, as suggested by biochemical approaches (e.g., protein cross-linking, size exclusion chromatography) and single-molecule techniques (e.g., fluorescence photobleaching, negative stain electron microscopy; Boassa et al., 2007; Wang et al., 2014; Chiu et al., 2017) . On the other hand, Panx2 reportedly forms octameric channels (Ambrosi et al., 2010) , and a subunit stoichiometry for Panx3 has not been reported. Unlike Panx1, which is thought to form channels only on the plasma membrane, Panx3 may function as both a plasma membrane channel and an intracellular ion channel, localized at ER (Penuela et al., 2008; Ishikawa et al., 2011) ; to date, however, Panx3-dependent ionic currents have not been reported (Bruzzone et al., 2003; Poon et al., 2014) .
The subcellular localization of Panx2 channels awaits determination. In favor of a role for Panx2 as an intracellular ion channel, a fluorescent protein-conjugated Panx2 was localized intracellularly after heterologous expression, and Panx2 was not detected at the cell surface of mouse neurons by immunostaining with an anti-Panx2 antibody (Lai et al., 2009; Le Vasseur et al., 2014; Boassa et al., 2015) . However, functional expression of Panx2 channels at the plasma membrane was clearly demonstrated using cell-surface biotinylation and electrophysiological assays in other heterologous expression experiments (Penuela et al., 2009; Poon et al., 2014) , indicating that Panx2 is capable of forming plasma membrane channels. The discrepancies may arise from different techniques or biological contexts (e.g., types of cells and tissues) used to investigate the expression of Panx2. For example, the subcellular localization of Panx2 may be influenced by expression levels or dependent on differentiation state of cells (Swayne et al., 2010) .
In general, there is much less known about the regulation and function of Panx2 and Panx3, in comparison with Panx1. The (patho)physiological functions identified for Panx2 or Panx3 channels are currently limited to neuronal development and ischemia-reperfusion injury (Panx2) or skin/skeleton development (Panx3; Celetti et al., 2010; Swayne et al., 2010; Bargiotas et al., 2011; Ishikawa et al., 2011; Caskenette et al., 2016) . Moreover, although different pannexins are often considered to be complementary (Bargiotas et al., 2011; Lohman and Isakson, 2014; Penuela et al., 2014) , it is not at all certain that they share similar properties or could compensate for each other. For example, Panx1 and Panx2 have different basal activity, activation mechanisms, pharmacological sensitivity, and subcellular distribution (Penuela et al., 2008; Poon et al., 2014; Boassa et al., 2015) ; in addition, although suggestive evidence exists (Penuela et al., 2009; Celetti et al., 2010; Bargiotas et al., 2011) , permeability to nucleotides or fluorescent dyes has not been definitively established for either Panx2 or Panx3.
In keeping with their broad distribution, Panx1 channels have now been implicated in a wide variety of physiological and pathological contexts, such as blood pressure regulation, glucose uptake, apoptotic cell clearance, tumor metastasis, neuropathic pain induction, ischemia-reperfusion injury, and morphine withdrawal responses (Chekeni et al., 2010; Bargiotas et al., 2011; Adamson et al., 2015; Billaud et al., 2015; Furlow et al., 2015; Weilinger et al., 2016; Burma et al., 2017; Weaver et al., 2017) . These (patho)physiological roles of Panx1 channels are largely attributed to their ability to release ATP or other nucleotides, which support purinergic signaling in a paracrine or autocrine manner. In keeping with these diverse roles, multiple mechanisms have been implicated in Panx1 channel activation, including increased concentration of intracellular calcium or extracellular potassium, receptor-mediated signaling pathways, and proteolytic cleavage at the C termini of Panx1 proteins (Table 1 ; see Panx1 channels can be activated by distinct mechanism for discussion).
Despite increasing recognition of the importance of Panx1 activity in these multiple contexts, there have been remarkable discrepancies in studies describing single-channel properties of Panx1 that could serve as diagnostic features for identification of native channels. In addition, the pharmacological tools that are available for attributing effects to Panx1 in native environments are generally nonspecific, and their effects on the channels often remain poorly characterized. This lack of both consensus and reagents hinders advances in the field. Here, we examine critically the experimental evidence supporting specific Panx1 channel properties and activation mechanisms, and we discuss new advances and resources for identifying Panx1 channels and their specific roles. We hope this ap- (Ripps et al., 2004; Bruzzone et al., 2005; Ye et al., 2009; Voss et al., 2014) . In addition, a peptide inhibitor,
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Panx1, has been widely used as a Panx1-specific inhibitor (Pelegrin and Surprenant, 2006; Lohman et al., 2015; Weilinger et al., 2016; Burma et al., 2017) , even though its nonspecific inhibition of connexins has been reported (Wang et al., 2007) . Several other compounds require high concentration for effective inhibition, such as probenecid (IC 50 ∼350 µM; Ma et al., 2009) , and issues associated with solubility as well as nonspecificity demand caution, particularly in applications involving systemic admin- The cells endogenously express both wild-type and a truncated form of PANX1, which only expresses amino acid 1-89 of PANX1. b High concentration of CBX is required for inhibition of ATP release if albumin is present in the assay system (Chekeni et al., 2010) . This study used a mutant human PANX1, with its caspase cleavage site replaced by a TEV protease cleavage site. Jackson et al., 2014) , and small peptides may not be able to pass blood-brain barrier.
To overcome these shortcomings in channel pharmacology, a panel of inhibitors with different chemical structure or modes of inhibition should be used to verify the results. Recent efforts have identified newer "specific" Panx1 inhibitors, including Brilliant Blue FCF (BB FCF) and trovafloxacin, which have little effect on various topologically or functionally related channels, such as connexins, Panx2, or P2X7 receptors Poon et al., 2014) ; these can be included to implicate Panx1 activity. Moreover, in addition to common surrogate assays for pannexin activity, such as ATP release and dye uptake, direct electrophysiological recordings of channel activity should also be used. This is particularly important in light of reports that various channels, such as connexins or P2X7 receptors, are intrinsically capable of permeating fluorescent dye or ATP (Fiori et al., 2012; Karasawa et al., 2017) . Thus, one can achieve greater confidence in attributing effects to Panx1, for example, by using trovafloxacin, a fluoroquinolone antibiotic that displays voltage-dependent inhibition of Panx1 currents (Poon et al., 2014) , in parallel with other blockers (e.g., CBX, a steroid-like glycyrrhetinic acid that blocks across the voltage range). Finally, to further strengthen such conclusions, a combination of pharmacological and genetic approaches should also be considered (Burma et al., 2017; Weaver et al., 2017) .
In addition to the paucity of selective inhibitors, the fidelity of currently available anti-Panx1 antibodies remains uncertain (Bargiotas et al., 2011; Cone et al., 2013) ; therefore, specificity of the antibody should be verified by using Panx1 knockout animals or other genetic approaches to prevent false-positive/negative results. Note that several independent Panx1 knockout mouse lines have been generated (Anselmi et al., 2008; Qu et al., 2011; Skarnes et al., 2011; Dvoriantchikova et al., 2012) . Although studies using these mice agree on a common physiological function of Panx1 in releasing ATP (Qiu et al., 2011; Qu et al., 2011; Santiago et al., 2011; Seminario-Vidal et al., 2011) , a hypomorphic phenotype has been reported in the KOMP knockout-first mouse line (Hanstein et al., 2013) , which again emphasizes the importance of validating materials used for studying Panx1 channels. Given fastdeveloping implementations of CRI SPR-Cas9 techniques (Yang et al., 2013) , engineering an epitope-knock-in animal model would provide a useful resource to evaluate native expression patterns with well-characterized specific antibodies.
Meanwhile, ionic selectivity is generally determined by examining changes in reversal potential (E rev ) upon altering ionic composition of recording solutions. Indeed, anionic permeability of Panx1 channels was claimed by using such a seemingly straightforward method (Ma et al., 2012; Romanov et al., 2012) . However, an opposite interpretation was made in a separate paper, i.e., that Panx1 channels are permeable to sodium, even though both studies based their conclusions on the result that E rev was unchanged in solutions exchanging sodium for NMDG (N-methyl-d-glucamine; Pelegrin and Surprenant, 2006; Ma et al., 2012; Romanov et al., 2012) . Arguing against either anion-or cation-selectivity, the activated Panx1 channel apparently allows permeation of large molecules with both positive and negative charge (i.e., TO-PRO-3 and ATP; Chekeni et al., 2010; Qu et al., 2011; Seminario-Vidal et al., 2011) . Finally, ionic selectivity has not been rigorously examined, e.g., by determining changes in E rev of open channel currents (tail currents). Even so, interpretation of such experiments often relies on use of counter-ions that are impermeable, and that cannot be assumed in the case of Panx1 channels that reportedly pass large molecules with size >500 Da. Therefore, developing a reconstituted system, such as proteoliposomes, may provide a clean system to measure Panx1 permeability to molecules of different charge and size.
Panx1 channels can be activated by distinct mechanisms
Given the ubiquitous expression and multifaceted functions of Panx1 channels in diverse cell types and tissues, various mechanisms have been reported to activate Panx1 channels in either a reversible or irreversible manner. Here, we first describe experimental approaches and evidence that support the multimodal activation of Panx1 channels (Table 1) . We then discuss distinct channel properties that have been attributed to the various activation mechanisms.
Pressure/stretch-induced activation of Panx1 channels.
The first evidence suggesting that Panx1 might form a mechanosensitive channel came from a heterologous expression system. Using Xenopus laevis oocytes injected with cRNA of human PANX1, Bao et al. (2004) recorded increased channel activity in response to negative pressure (∼40 mbar), applied via the patch pipette. The increased open probability (P O ) of these stretch-activated channels was associated with longer dwell time in larger subconductance states, with no obvious voltage-dependence of either P O or unitary conductance ( Fig. 1 A) . Subsequently, several papers reported increased ATP release and fluorescent dye uptake from airway epithelia or erythrocytes swollen by hypotonic solutions; this was attributed to mechanosensitive activation of Panx1, either by using cells derived from Panx1-deficient mice or a combination of pharmacological tools (Locovei et al., 2006a; Qiu et al., 2011; Seminario-Vidal et al., 2011) . In addition, ATP release from metastatic breast cancer cells subjected to deformation as they transited the microvasculature or from distended rat bladders was also attributed to stretchinduced activation of Panx1, tested by using CBX or BB FCF (Beckel et al., 2015; Furlow et al., 2015) . It is noteworthy, however, that electrophysiological recordings of the corresponding native ionic currents induced by pressure or hypotonicity have not yet been verified by knockout or pharmacological inhibition in any of these cells (i.e., erythrocytes or cancer cells). In fact, even in the original Xenopus oocyte experiments, the stretch-activated channels were not independently verified as Panx1 (e.g., by using channel blockers), so the possibility remains that this activity was from channels endogenous to the oocyte. Thus, the single-channel properties and cognate macroscopic activity of stretch-activated Panx1 channels awaits further investigation and validation.
The molecular mechanisms for mechanosensitivity of Panx1 remain to be established. A demonstrated interaction between F-actin and the intracellular C terminus of Panx1 (Bhalla-Gehi et al., 2010) provides a potential physical transduction mechanism for channel activation in response to membrane stretch. Consistent with such a cytoskeleton-tethering model, inhibition of RhoA or activation of myosin light chain kinase, which can disrupt the actin cytoskeleton, reduced ATP release from bronchial epithelial cells after hypotonic challenge (Seminario-Vidal et al., 2011) . On the other hand, channel-intrinsic mechanosensitivity of Panx1 cannot be excluded because membrane deformation reportedly activated Panx1 channels in excised membrane patches where mechanical transduction via loosely anchored actin filaments is less likely (Bao et al., 2004) . Further studies to examine the involvement of cytoskeleton proteins or to establish more reduced cell-free systems (e.g., Panx1-reconstituted proteoliposomes) could help clarify the physical basis for mechanosensitivity of Panx1 channels.
In sum, there is evidence for activation of Panx1 channels by membrane stretch, but the data are not definitive and the transduction mechanisms have not been elucidated. Importantly, electrophysiological experiments from verified recombinant channels, and in cells from wild-type and Panx1 knockout mice, would clarify the basic properties of stretch-activated channels and strengthen the conclusion that Panx1 indeed forms those native mechanosensitive channels. In this latter respect, it is critical to recognize that LRRC8/SWE LL channels are also activated by hypotonicity and share multiple characteristics with Panx1, including carbenoxolone sensitivity and large molecule permeation Voss et al., 2014; Gaitán-Peñas et al., 2016; Syeda et al., 2016) . Thus, the ATP release from human erythrocytes, which was attributed to Panx1 based only on CBX-sensitivity (Locovei et al., 2006a) , could instead reflect LRRC8-mediated ATP release. These considerations demand extra caution in differentiating contributions from Panx1 or LRRC8/SWE LL when examining stretch/pressure-activated channel currents, ATP release and dye uptake.
Panx1 activation by elevated extracellular potassium.
High concentrations of extracellular K + (7∼80 mM) have been observed in several pathological conditions, such as epileptiform convulsions or ischemic injury (Fisher et al., 1976; Hansen, 1978) . Several studies have demonstrated that Panx1 channels can be activated by elevated levels of extracellular potassium, with a minimum concentration of 10 mM, by examining Panx1-mediated permeation of ions or large molecules (Silverman et al., 2009; Qiu et al., 2011; Santiago et al., 2011; Suadicani et al., 2012; Wang et al., 2014 ; Fig. 1 B) . High-K + -induced Panx1 currents were first described by the Dahl laboratory using Xenopus oocytes heterologously expressing mouse Panx1 (Silverman et al., 2009) , and later reported by the Scemes laboratory in mouse astrocytes (Suadicani et al., 2012) . These K + -induced currents were reduced by CBX or probenecid and attenuated in astrocytes derived from Panx1 knockout mice. In addition to ionic currents, high-K + -induced dye uptake and ATP release were attenuated in a human astrocytoma cell line (1321N1) by shRNA-mediated PANX1 knockdown, and in hippocampal neurons or astrocytes derived from Panx1-knockout mice (Silverman et al., 2009; Santiago et al., 2011; Suadicani et al., 2012) . This evidence provides support for elevated extracellular K + as an activation mechanism for Panx1 channels and implicates potential roles of the channels in etiology of seizure or ischemic stroke (Bargiotas et al., 2011; Santiago et al., 2011) .
The mechanism by which high extracellular K + activates Panx1 channels remains to be determined. Increased Panx1 currents were observed under voltage clamp conditions, indicating that channel activation was not simply a result of membrane depolarization caused by elevated extracellular K + (Silverman et al., 2009) . It has been proposed that a direct association of K + with the first extracellular loop of Panx1 may be required for high-K + -induced activation . The rationale for this hypothesis follows from a series of studies: first, by using electrophysiological recordings in Xenopus oocytes heterologously expressing wild-type or mutant mouse Panx1, the Dahl laboratory found that Arg-75 in the first extracellular loop was critical for inhibition of Panx1 by high concentrations of ATP or ATP analogues, with IC 50 ≥500 µM for ATP ; second, in a later study, the same group also reported that high extracellular K + attenuated the inhibition of Panx1 currents by high extracellular ATP (500 µM; Jackson et al., 2014) . Based on these observa- Bao et al., 2004) . The unitary conductance of pressure/stretch-activated channels was reported elsewhere to be ∼475 pS (Locovei et al., 2006a) . (B) High extracellular K + -activated single-channel activity obtained by using inside-out patch recording in Xenopus oocytes heterologously expressing human PANX1 (adapted from Bao et al., 2004) . Membrane patch was exposed to symmetric 150 mM K -induced single-channel activity obtained by using inside-out patch recording in Xenopus oocytes heterologously expressing human PANX1 (adapted from Locovei et al., 2006b ). The unitary conductance of Ca 2+ -activated channels was reported to be ∼550 pS (Locovei et al., 2006b) . (D) Single-channel activity evoked by caffeine-induced Ca 2+ release, obtained from rat atrial myocytes infected with adenovirus expressing mouse Panx1 or empty vector (adapted from Kienitz et al., 2011) . The caffeine-activated channels showed a unitary conductance of ∼300 pS. (E) O 2 /glucose deprivation (OGD)-induced single-channel activity obtained by using cell-attached recording in rat hippocampal neurons (left). Boxed figures are exemplar single-channel opening (top right) and all-point histogram acquired from recordings under control, OGD, and OGD+CBX conditions (bottom right). The OGD-activated channels demonstrated a unitary conductance of ∼530 pS (adapted from Thompson et al., 2006) . All figures are reproduced with permission. tions, these authors hypothesized an overlapping interaction site for K + and ATP, and proposed that high K + may activate Panx1 channels through direct binding. It will require further investigation to determine whether ATP and K + compete for the same binding site. In this respect, it would be interesting to test whether high K + is able to activate mutated Panx1 channels that are resistant to inhibition by ATP (e.g., R75A or W74A; Qiu and Dahl, 2009; Qiu et al., 2012) . Intriguingly, high K + also interferes with inhibition of Panx1 currents by other compounds with distinct chemical structures, such as CBX or probenecid . It remains to be tested whether all these different chemical classes of Panx1 inhibitors modulate channel activity by competing for the proposed high-K + binding site. In collaboration with the Sosinsky laboratory, Dahl and colleagues also presented another line of evidence that supports a direct activation mechanism for high K + . In that work, by using electron microscopy, they found an enlarged "pore" diameter of purified, negatively stained mouse Panx1 channels in high-K + solutions . The authors previously reported that maleimidobutyryl-biocytin (MBB), a thiol-modifying reagent, inhibited whole-cell currents in Xenopus oocytes heterologously expressing mouse Panx1 under normal K + concentrations , but not under high-K + conditions . Because this was attributed to an interaction of MBB with Cys-426 at the distal end of C-tails , the authors further suggested that the larger pore diameter might be explained by rearrangement of Panx1 C-tails in high-K + . In general, a higher-resolution, 3-D structure of Panx1 in different K + conditions would provide better understanding of high-K + -mediated activation of Panx1, and how high K + might interact with ATP (and/or other blockers) on the channel.
Despite the evidence cited above, it is important to acknowledge that we have been unable to verify high extracellular K + -induced Panx1 current or dye uptake Fig. 2) . Thus, in HEK293T cells heterologously expressing either wild-type or C-terminally truncated human Panx1, current density was unaffected by large changes in K + concentration in the bath solutions (3 vs. 83 mM; ∼300 mOsm). Moreover, by flow cytometry, negligible TO-PRO-3 uptake was found in mouse splenocytes (Fig. 2 D) and human Jurkat cells exposed to 50 mM K + . This was in sharp contrast to a pronounced TO-PRO-3 uptake by UV-irradiated, apoptotic splenocytes (Fig. 2 D) . In addition, it appears that the ATP release observed from high-K + -treated erythrocytes (Locovei et al., 2006a; Qiu et al., 2011) is likely caused by hemolysis of erythrocytes upon exposure to the K-gluconate-based buffer (Keller et al., 2017) . Together, these new results cast doubt on a long-held view that high-K + is a universal activation mechanism for Panx1, and recommend additional examination of this mechanism by other independent research groups. In any case, one should exercise caution when attributing high-K + -induced activities to Panx1 channels.
Panx1 activation by increased intracellular calcium.
Panx1 channels can be activated by multiple metabotropic receptors, specifically by those that couple via Gαq-containing heterotrimeric G proteins; in some cases (e.g., P2Y purinergic receptors; protease-activated receptors [PARs]), this receptor-mediated channel activation has been attributed to an associated increase in intracellular calcium. For P2Y receptors, ATP-induced currents were obtained from Xenopus oocytes coexpressing P2Y1 or P2Y2 along with Panx1 channels, whereas ATP did not increase Panx1 currents in the absence of P2Y receptors (Locovei et al., 2006b) . Increased whole-cell current was also observed by bath application of the calcium ionophore, A23187, in oocytes expressing Panx1, consistent with a role for elevated intracellular calcium in activating Panx1 channels. In the same study, Locovei et al. (2006b) found that increased activity of Panx1 channels can be observed in the inside-out patch configuration when the cytosolic side of membrane patches was exposed to elevated calcium in a dose-dependent manner (Fig. 1 C) . This suggests that Panx1 might be activated directly by increased intracellular calcium expected from P2Y receptor activation, although this was not tested directly (e.g., by chelating intracellular Ca 2+ in P2Y-stimulated cells).
In addition to P2Y receptor-induced currents, PAR1/3-mediated ATP release and fluorescent dye uptake are also considered to be Panx1-dependent events (Seminario-Vidal et al., 2009; Gödecke et al., 2012) . PAR1-mediated ATP release from human umbilical vein endothelial cells (HUV ECs) was reduced by shRNA-mediated knockdown of Panx1, but not by Connexin 43 (Cx43) shRNA (Gödecke et al., 2012) ; in a human lung epithelial cell line, A549, PAR3-mediated ATP release and propidium iodide uptake were attenuated by application of low concentration of CBX (10 µM; Seminario-Vidal et al., 2009) . Bath application of A23187 increased ATP release from HUV ECs, consistent with Ca 2+ -mediated activation of Panx1, although involvement of Panx1 in this A23187 effect was not examined concurrently using genetic or pharmacological tools (Gödecke et al., 2012) . Also consistent with a role for Ca In settings that do not also involve concurrent receptor stimulation, the effects of Ca 2+ on Panx1 channels are less clear. For example, ethidium bromide uptake by N2A cells heterologously expressing mouse or zebrafish Panx1 was increased by ionomycin, another cell-permeable calcium ionophore (Kurtenbach et al., 2013) . However, ionomycin was unable to induce ATP release from A549 cells, even though calcium-mediated activation of Panx1 was suggested based on inhibition of thrombin-induced ATP release by BAP TA-AM and thapsigargin in those same cells (Seminario-Vidal et al., 2009 ). This discrepancy may reflect the specificity of calcium-mediated Panx1 activation by receptorassociated mechanisms. For example, concurrent receptor-mediated activation of the Rho GTPase pathway may also be required to increase ATP release from human A549 cells, in addition to elevated intracellular calcium (Seminario-Vidal et al., 2009) . Also not linked to a receptor-mediated process, it was reported that Panx1 constitutes a caffeine-activated, large conductance cation channel in cardiomyocytes (Kienitz et al., 2011;  Fig. 1 D) , for which channel activation is dependent on elevated intracellular calcium (Loirand et al., 1991) . However, those caffeine-activated channels display unitary properties distinct from P2Y receptoractivated channels (Locovei et al., 2006b ), which is sur- , and high extracellular K + plus CBX (50 µM); insets show time series of current obtained at 80 mV under the indicated conditions. As previously reported , whole-cell voltage-ramp I-Vs (−100 to 80 mV; 0.2 V/s at 0.14 Hz) were obtained at room temperature using borosilicate micropipettes (3∼5 MΩ) filled with internal solution containing (mM) 100 CsMeSO 4 , 30 TEACl, 4 NaCl, 1 MgCl 2 , 0.5 CaCl 2 , 10 HEP ES, 10 EGTA, 3 ATP-Mg, and 0.3 GTP-Tris, pH 7.3. Control (3 mM K + ) bath solution was composed of (mM) 140 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 HEP ES, and 10 glucose, pH 7.3. High-K + solution included (mM) 60 NaCl, 83 KCl, 2 MgCl 2 , 2 CaCl 2 , and 10 HEP ES at pH 7.3; glucose was added to maintain equal osmolarity with the control bath solution (∼300 mOsm). (C) Grouped data (mean ± SEM) shows that CBX-sensitive current from wild-type (n = 5) or CT-truncated PANX1 (n = 7) was unaffected by different extracellular K + concentrations. These results were originally reported in the peer review file from Chiu et al. (2017) . (D) Dye uptake measured by flow cytometry shows that viable (7-AAD negative) mouse splenocytes display negligible TO-PRO-3 uptake under control K + conditions (5 mM K + ; 322 mOsm), hypotonic high-K + (50 mM K + , 237 mOsm; same ionic composition as Silverman et al., 2009 ), or osmolarity-adjusted high-K + (50 mM K + with 87 mM d-mannitol, 327 mOsm). In contrast, caspase-mediated Panx1 activation in UV-irradiated cells yields robust TO-PRO-3 uptake by viable cells. Splenocytes were freshly isolated from C57BL/6 mice, as previously described (Jin et al., 2008) and cultured in growth media (RPMI + 10% FBS); one group of cells was also exposed to UV irradiation (15 × 10 4 µJ). After 6 h culture at 37°C, cells were washed three times with RPMI, before a 30-min incubation in solutions containing different concentrations of K + . TO-PRO-3 (Panx1-permeable) and 7-AAD (Panx1-impermeable) were added ∼10 min before flow cytometry, as previously reported (Poon et al., 2014; Chiu et al., 2017) . Note that necrotic cells (7-AAD + ) were excluded from the analysis to avoid Panx1-independent TO-PRO-3 uptake. Thompson et al., 2008; Lohman et al., 2015) ; in these cases, channel activation is attributed to signaling pathways linked to posttranslational modification of Panx1, particularly phosphorylation. Thompson and colleagues reported that anoxia activates Panx1 channels in hippocampal pyramidal neurons via NMDA receptors (NMD ARs; Thompson et al., 2008; Weilinger et al., 2012) . In hippocampal CA1 neurons, NMDA-or anoxia-induced secondary inward currents were attenuated by bath application of CBX or 10 Panx1 to rat brain slices, or by conditional deletion of Panx1 in mouse brain, supporting the presence of Panx1-dependent currents (Thompson et al., 2008; Weilinger et al., 2012) . In addition, NMDA-or anoxia-induced inward currents were reduced by NMD AR antagonists, D-APV or R-CPP, as well as by a Src family kinase (SFK) inhibitor, PP2. Interestingly, however, an NMD AR pore blocker, MK-801, did not affect Panx1-dependent inward currents, suggesting that ion permeation via NMDA receptor channels was not required. These results implicate a metabotropic role for NMD ARs, separate from their ion channel function, in activating Panx1 channels via SFKs (Weilinger et al., 2012 (Weilinger et al., , 2016 .
A likely phosphorylation site on Panx1 was identified by using an antibody specifically recognizing phosphorylation at tyrosine-308 (pY308). Activation of NMD ARs increased pY308-Panx1 immunoreactivity in N2A cells heterologously expressing wild-type Panx1 and Src, and this NMD AR-dependent increase in pY308 was not observed in cells treated with PP2 or expressing a Panx1 mutant resistant to phosphorylation at Tyr-308 (Panx1Y308F; Weilinger et al., 2016) . Additionally, application of a cell-permeable peptide containing 14 amino acids of Panx1 surrounding Tyr-308 (305-318) interfered with NMD AR-dependent increases in pY308 on Panx1. This peptide did not affect pY416-Src autophosphorylation after NMD AR stimulation in N2A cells (Weilinger et al., 2016) , indicating that its presumed competitor function was downstream of Src activation. Collectively, these results support a model whereby NMD ARs activate Panx1 channels metabotropically, via SFKs (Weilinger et al., 2012 (Weilinger et al., , 2016 . Of note, phosphorylation of Panx1 at Tyr-308 and a constitutive interaction between NMD AR, Src, and Panx1 were all present before NMDA stimulation (Weilinger et al., 2016) . This supports the possibility of a preexisting signalosome for NMD AR-mediated activation of Panx1 and further implies that some critical number of phosphorylation events at Y308 of Panx1 subunits in the oligomeric channel may be required for NMDA-or anoxia-induced activation of Panx1 channels.
A role for Src family kinases was also proposed for TNFα-induced activation of Panx1 channels, which promotes emigration of leukocytes across the venous microcirculation during inflammation. In this case, SFK-dependent phosphorylation of Panx1 occurs at Tyr-198, a site distinct from that targeted downstream of NMD ARs . TNFα-induced ATP release was reduced in human umbilical vein endothelial cells (HUV ECs) after Panx1 siRNA-mediated knockdown or in mesenteric venules obtained from endothelium-specific Panx1 knockout mice. After application of TNFα, phosphorylation at Tyr-198 of Panx1 was increased, as assessed with an anti-pY198 antibody; this pY198 immunoreactivity was diminished by SFK inhibitors , suggesting that Tyr-198 is phosphorylated downstream of SFKs in response to TNFα stimulation. It remains to be determined whether SFKs phosphorylate the channel directly. Further studies to analyze the structural and single-channel properties of these phosphorylated Panx1 channels, at either Tyr-308 or Tyr-198, will provide important fundamental information on activation mechanisms by receptor-mediated tyrosine phosphorylation.
In a further example, SFKs are also implicated in Panx1 channel activation downstream of P2X7 receptors (P2X7Rs; Iglesias et al., 2008) . First, it is important to note that this P2X7-Panx1 functional interaction is controversial. For example, ATP-induced YO-PRO-1 uptake is retained in bone marrow-derived macrophages (BMDMs) from Panx1 −/− mice, even though it is diminished in BMDMs from P2X7 −/− mice (Qu et al., 2011) . In addition, it was recently demonstrated that purified P2X7 receptors are themselves sufficient to permeate fluorescent dye in reconstituted proteoliposomes (YO-PRO-1; Karasawa et al., 2017) . These findings suggest that Panx1 is dispensable for P2X7R-induced large pore formation and dye uptake. Nevertheless, in J774 mouse macrophage cells, whole-cell inward currents and YO-PRO-1 uptake was induced by BzATP, a P2X7R agonist, and these effects were reduced by Panx1 inhibition (i.e., by using CBX and mefloquine, and also by siRNA-mediated knockdown). Implicating SFKs in P2X7R-mediated Panx1 activation, BzATP-induced inward currents and YO-PRO-1 uptake were both attenuated by PP2 (Iglesias et al., 2008) . The phosphorylation site of Panx1 relevant for this proposed P2X7R-SFK signaling mechanism has not been identified; potentially this could involve either (or both) of the Tyr-198 or Tyr-308 sites implicated in TNFα or NMD AR pathways.
A further relevant observation is that functional coupling of P2X7R and Panx1 are seemingly dependent on a single nucleotide polymorphism (SNP) of P2X7Rs: only P2X7Rs that contain Pro-451, but not Leu-451, can mediate Panx1 channel activation (Iglesias et al., 2008; Sorge et al., 2012) . The P2X7R(Leu-451) variants retain calcium permeability and phospholipase D (PLD)-coupling ability, so calcium-mediated or PLD-induced activation of Panx1 channels is unlikely (Le Stunff et al., 2004; Sorge et al., 2012) . It remains to be determined if direct binding of P2X7Rs and Panx1 channels is required for channel activation, and whether functional coupling between SFK and Panx1 is also dependent on the P2X7R SNP. Note that, although a preexisting interaction between P2X7R and Panx1 was suggested by coimmunoprecipitation (Pelegrin and Surprenant, 2006; Iglesias et al., 2008) , it is not clear that this presumed physical interaction is required for P2X7R-mediated Panx1 activation.
In consideration of the possibility that SFKs act as direct activators for Panx1 in multiple pathways that evidently lead to phosphorylation at distinct channel residues, a stimulus-dependent coupling between SFKs and Panx1 channels may exist in order to render specificity among the different signaling pathways. Thus, it will be critical to identify how these various SFK-dependent pathways and phosphorylation sites differentially modulate Panx1 channel activity and properties.
Regulation of Panx1 activity by other kinases. In addition to SFKs, other kinases, such as c-Jun NH 2 -terminal kinase (JNK; Xiao et al., 2012) and protein kinase G (PKG; Poornima et al., 2015) have been implicated in regulating the activity of Panx1 channels. Xiao et al. (2012) reported that palmitic acid-induced ATP release and YO-PRO-1 uptake were reduced by a JNK inhibitor, SP600125, or by knocking down Panx1 in HTC rat hepatoma cells using shRNA. Even though JNK has been implicated in palmitic acid-induced apoptosis in hepatocytes (Malhi et al., 2006; Wei et al., 2006) , it is unlikely that palmitic acid-induced ATP release from HTC cells is mediated by caspase cleavage-activated Panx1 because the ATP release was not decreased by a pan-caspase inhibitor, zVAD-fmk (Xiao et al., 2012) . It remains to be determined whether JNK can activate Panx1 channels through a direct phosphorylation or via other signaling messengers.
In contrast to the Panx1 channel activation reported for most signaling pathways, Poornima et al. (2015) showed that nitric oxide (NO) reduced constitutive whole-cell current in HEK293 cells heterologously expressing rat Panx1; this effect was abrogated by inhibiting soluble guanylyl cyclase or PKG, whereas a PKA inhibitory peptide had no effect. Mutational analysis of potential phosphorylation sites indicated that rat Panx1(S206A) was resistant to NO-induced inhibition (Poornima et al., 2015) . These data suggest that NO may cause inhibition of Panx1 current by PKG-mediated phosphorylation at Ser-206 and further imply a potential role for phosphatases in maintaining basal activity of the channels. Note, also, that a previous study found that Panx1 channels were inhibited by NO-induced Snitrosylation on cysteine residues (Lohman et al., 2012b) . Thus, multiple different types of channel modification may contribute to inhibition of Panx1 by NO.
A unique activation mechanism by irreversible C-tail cleavage. In addition to the aforementioned reversible activation mechanisms, Panx1 channels can be activated by caspase-mediated cleavage, an irreversible process. During apoptosis of T lymphocytes, activated caspase 3 or 7 cleaves Panx1 channels at a C terminal site ( 376 DVVD 379 of human Panx1); the cleaved channel then mediates release of nucleotides to serve as "find-me" signals that attract phagocytes for clearance of the dying cells (Chekeni et al., 2010) . Subsequently, this effect of caspase attributed to Panx1 channels was independently verified in lymphocytes derived from Panx1 knockout mice (Qu et al., 2011) . Panx1 channels recorded in inside-out patch configuration are activated by bath application of activated caspase 3, and dissociation of the cleaved C-terminal tail from the channel is required for channel activation, supporting an intrinsic channel mechanism whereby the C-tail functions as an autoinhibitory region (Sandilos et al., 2012) .
Caspase 11 can also cleave and activate Panx1 channel, as demonstrated in bone marrow-derived macrophages (BMDMs) undergoing lipopolysaccharide (LPS)-induced pyroptosis (Yang et al., 2015) . In this study, BMDMs obtained from various lines of knockout mice, including P2X7 BMDMs. Thus, caspase 11 activates Panx1 channels during pyroptosis by C-terminal cleavage, attacking the same site accessed by caspases 3/7 during apoptosis.
Other unresolved activation mechanisms for Panx1 channels. Beyond those described above, molecular mechanisms for activation of Panx1 channels by other receptors, including α1 adrenergic receptors, insulin receptors, and CXCR4 chemokine receptors, await further elucidation (Billaud et al., 2011 (Billaud et al., , 2015 Adamson et al., 2015; Velasquez et al., 2016) . The ATP release or fluorescent dye uptake induced by these receptors was diminished by Panx1 inhibitors (probenecid or 10 Panx1; Adamson et al., 2015; Velasquez et al., 2016) or in Panx1-deleted cells (Billaud et al., 2015; Velasquez et al., 2016) . For α1D receptor or insulin receptor, complementary results from whole-cell recordings in a heterologous system also support activation of Panx1 channels by receptor-activated pathways (Adamson et al., 2015; Billaud et al., 2015) . Aforementioned molecular mechanisms, such as phosphorylation of Panx1 or elevated intracellular Ca 2+ , may provide potential directions for future investigations.
Other recent work suggests that Panx1 channels may be regulated by pH (Kurtenbach et al., 2013) . In N2A cells expressing zebrafish Panx1 (drPanx1a or drPanx1b), ethidium bromide uptake was increased by extracellular alkalization and reduced by extracellular acidification. It would be intriguing to test whether a similar regulation by pH can be observed in other Panx1 homologues and by using other measurements of Panx1 function (i.e., ATP release or ionic current); in addition, it would be important to determine whether pH regulation represents an intrinsic mechanism that involves direct channel titration by protons, or whether it reflects effects mediated indirectly by other channel modulators that are sensitive to the prevailing pH.
Activation mode-dependent unitary conductance and ATP permeation
Unique single-channel properties, such as unitary conductance or activation/inactivation kinetics, are often considered a signature for specific ion channels and provide fundamental information for identifying and characterizing ion channels in their native environment. Unlike other channels, however, Panx1 has been associated with strikingly divergent unitary properties. This includes major differences reported for channel conductance, open-closed kinetics, voltage dependence, and permeant selectivity in different modes of activation. Here we discuss different lines of evidence that attribute divergent unitary properties to Panx1 and compare those earlier findings with our recent discovery demonstrating a graded increase in conductance and gating of Panx1 upon sequential removal of C-tails.
Panx1 as large-conductance, ATP-releasing channels.
For many years, Panx1 channels have been routinely described as large-conductance (i.e., 300-500 pS), nonselective, voltage-activated ion channels (Bao et al., 2004; Iglesias et al., 2008; Santiago et al., 2011; Kurtenbach et al., 2014) . Large-conductance, nonrectifying channels attributed to recombinant Panx1 were initially described in inside-out recordings from Xenopus oocytes injected with human Panx1 cRNA (isoform 2, 422 amino acids) during symmetrical exposure to 150 mM potassium gluconate (Bao et al., 2004 ; Fig. 1 B) . This channel activity was reportedly not observed in uninjected oocytes. In addition, potassium gluconate-induced ATP release is significantly higher in Panx1 cRNA-injected oocytes than in Cx43 cRNA-injected or uninjected oocytes (Bao et al., 2004) . In the same study, Bao et al. (2004) also suggested that ATP can permeate through Panx1 channels, because they observed a reversal potential of the channels in asymmetrical concentration of K 2 ATP that could not be explained by an exclusive permeation of K + . Similar large-conductance channels were observed in (a) rat hippocampal neurons during oxygen-glucose deprivation (∼530 pS; Thompson et al., 2006 ; Fig. 1 E) , conditions that also activated a probenecid-and 10 Panx1-sensitive whole-cell current (Weilinger et al., 2012) ; (b) human erythrocytes subjected to high-K + or hypertonic challenge (∼450 pS; Locovei et al., 2006a) ; and (c) rat atrial cardiac myocytes upon caffeine stimulation, only under conditions when Panx1 was exogenously expressed (∼300 pS; Kienitz et al., 2011 ; Fig. 1 D) . This evidence supported a very large unitary conductance as a common characteristic for Panx1 channels.
However, even though a large, nonrectifying conductance was a common feature shared by these recorded channels, it is noteworthy that they displayed other single-channel properties that were quite dissimilar. First, the high-K + -activated Panx1 channels visited multiple subconductance states (Bao et al., 2004 ; Fig. 1 B) whereas the ischemia-or caffeine-induced channels appeared to have only a single conductance state (Thompson et al., 2006; Kienitz et al., 2011; Fig. 1, D and E) . Second, the caffeine-induced, Ca 2+ -activated high-conductance channels display short open times that contrast with the prolonged openings observed for either high-K + -activated or ischemia-activated channels (Fig. 1 D vs. Fig. 1, B and E) . To date, the reasons for the divergence of unitary properties among the high-conductance Panx1 channels remain unknown and await further exploration.
Panx1 as small-conductance channels that do not release ATP. Several recent studies described constitutively active Panx1 channels with a much smaller and outwardly rectifying unitary conductance (i.e., ∼15 pS at hyperpolarized potentials and <100 pS at depolarized potentials) after heterologous expression in mammalian cells, challenging the common characterization of Panx1 as a large-conductance channel. For example, multiple laboratories have reported inside-out or cell-attached recording of wild-type mouse Panx1 channels expressed heterologously in HEK293 cells with a unitary conductance of ∼70 pS at depolarized potentials and ∼15 pS at hyperpolarized potentials (Ma et al., 2012; Romanov et al., 2012;  Fig. 3 A) . These relatively small-conductance Panx1 channels were recorded in the absence of additional stimulation; they were reportedly anion-selective (Ma et al., 2012; Romanov et al., 2012) and unable to release ATP at detectable levels (Romanov et al., 2012) .
The discrepancies observed in unitary conductance (300∼500 pS vs. maximum of ∼70 pS) may stem from Chiu et al. (2017) . (C) Unitary current amplitudes closely overlay CBX-sensitive whole-cell currents using two-point normalization (left), suggesting that the outwardly rectifying whole-cell current is mainly attributed to the outwardly rectifying unitary conductance. Note that the same data points are not well aligned when normalized to the peak current amplitude at 80 mV (right). All figures are reproduced with permission.
their relative states of activation. Indeed, it was suggested based on single-particle electron microscopy that mouse Panx1 channels exist basally as a small-pore, small-conductance channel that cannot release ATP and transition to a large-pore, large-conductance channel when activated by high extracellular K + to release ATP . The cation/anion selectivity was not directly examined under different K + concentrations. Nevertheless, a general conclusion was advanced that only large-conductance Panx1 channels are capable of permeating large molecules, such as ATP or fluorescent dyes . As discussed in the next section, this does not appear to be the case.
Large conductance is not a prerequisite for ATP permeation. The suggestion that large molecule permeation (ATP, dye) is only a property of large-conductance Panx1 channels is not supported by recent work. Specifically, by examining native and engineered human Panx1 channels, our group demonstrated that smaller-conductance Panx1 channels are compatible with release of ATP or permeation of large dyes .
We found that cleavage-activated recombinant human PANX1 channels recorded under inside-out conditions displayed an outwardly rectifying unitary conductance, with a maximum of ∼96 pS at depolarized potentials (between 50 and 80 mV; Fig. 3 B) and ∼15 pS at hyperpolarized potentials (between −50 and −80 mV; Fig. 3 B) ; native hPANX1 channels activated by caspase cleavage in a lymphocyte cell line (Jurkat cells) revealed generally similar properties, but with a slightly lower peak conductance under cell-attached recording conditions (∼80 pS; Chiu et al., 2017) . In addition, we found that caspase-mediated cleavage activates PANX1 channels in a stepwise manner; this was clearly demonstrated by sequentially removing C-tails from individual subunits in the oligomeric channel, which led to graded increases in both unitary conductance and open probability. A corresponding graded increase in permeation of both ATP and fluorescent dyes (i.e., TO-PRO-3) was observed from PANX1 channels as more C-tails were removed, even from channels that displayed maximum conductance ranging from ∼50 to ∼96 pS. Of note, because of the pronounced outward rectification in cleavage-activated channels, the unitary conductance is even smaller at the negative potentials expected under conditions in which ATP release and dye uptake were measured. Thus, a large unitary conductance is not required for ATP release or dye uptake via activated PANX1 channels. Finally, because both ATP (negatively charged) and TO-PRO-3 (positively charged) permeate through cleavage-activated Panx1 channels, it is unlikely that these lower-conductance channels could be strictly anion selective.
Release of ATP by smaller-conductance Panx1 channels is not unique to C-tail cleavage-mediated activation.
In human PANX1 channels activated by α1D adrenergic receptor signaling, a similar conductance (∼80 pS) also supports ATP release (Billaud et al., 2015) . Intriguingly, in the absence of additional activation, mouse Panx1 channels show constitutive activity with a unitary conductance comparable to ATP-releasing human PANX1 channels partially activated by C-tail cleavage (Ma et al., 2012; Romanov et al., 2012; Wang et al., 2014; . However, these basally active mouse Panx1 channels appear to be ATP-impermeable (Romanov et al., 2012; Wang et al., 2014; Billaud et al., 2015) . Together, these data indicate that ATP release by Panx1 does not require formation of large-conductance channels but is dependent on the activation status of the channels. Thus, by itself, single-channel conductance is not a reliable indicator of large molecule permeation; the specific changes in channel properties that allow for ATP release after different activation mechanisms remain enigmatic.
In summary, Panx1 channels appear to display different properties under basal, unstimulated conditions and when activated by different mechanisms. Although this may well be the case, caveats abound. In many instances, especially in native systems, but even also in some heterologous contexts, the recorded channels have not been identified definitively as Panx1. In native systems, this is largely a function of imperfect pharmacology and/ or failure to apply existing molecular tools to verify that recorded channels are indeed Panx1. Future work attempting to reconcile these discrepancies should use a combination of currently available tools, especially when studying native channels. For example, even though multiple pharmacological and molecular approaches were used to implicate Panx1 as the ischemiaor caffeine-activated channels in cardiomyocytes (e.g., Panx1 inhibitors, siRNA knockdown, viral-mediated expression of exogenous Panx1; Kienitz et al., 2011) , a more compelling identification could be obtained by using the now widely available Panx1 knockout mice.
Panx1 channel gating is voltage independent
Another discrepancy regarding Panx1 channel properties within the extant scientific literature is the question of whether the channels are gated by changes in membrane potential, i.e., voltage-gated. Whereas it is widely recognized that Panx1 channels generate a voltage-dependent current, whereby outward currents at positive membrane potentials are relatively larger than inward currents at negative potentials, such voltage dependence can reflect effects of membrane potential on single-channel conductance, channel open probability, or both. However, only the latter effect on P O constitutes voltage gating. This is not a semantic issue because it has clear mechanistic implications: voltage gating implies the existence of a "voltage sensor" that can react to changes in membrane potential to initiate conforma-tional changes that favor either open or closed states of the channel. Given that Panx1 channels typically mediate voltage-dependent, outwardly rectifying whole-cell currents (Bruzzone et al., 2003; Romanov et al., 2012; Sandilos et al., 2012; Jackson et al., 2014) , and in light of early observations suggesting that channel unitary conductance of Panx1 was linear and unaffected by membrane potential (Bao et al., 2004; Thompson et al., 2006 ; Fig. 1, B and E) , it was reasonable to suggest that voltage-dependent currents reflected an underlying voltage gating of the channel. This view garnered indirect support when normalized current-voltage (I-V) relationships of single-channel amplitudes from basally active mouse Panx1 (i.e., unitary conductance) were out of register with superimposed I-V relationships of Panx1 whole-cell currents. It was suggested that this misalignment of the single-channel and whole-cell I-V curves could be explained if channel P O is reduced at negative membrane potential, i.e., if Panx1 channels are voltage-gated (Romanov et al., 2012) . A recent study also suggested that the P O of basally active mouse Panx1 increased with membrane depolarization and invoked an unconventional mechanism in which voltage-dependent anion flux modulates gating (Nomura et al., 2017) .
A different conclusion was reached, however, when voltage gating was assessed by direct measurement of channel P O in human PANX1 channels activated by C-terminal cleavage. Specifically, those cleavage-activated channels display essentially identical P O over a wide range of membrane potentials (i.e., from −80 to 80 mV; Fig. 3 B) , indicating that channel gating is independent of voltage . Although one could argue that caspase-mediated cleavage of the C-tail might eliminate the voltage-gating mechanism, this is not supported by the observation that whole-cell I-V relationships were unaltered in Panx1 channels that retain varying numbers of C-tails. In addition, the unitary conductance and whole cell I-V relationships of human PANX1 channels show essentially identical outward rectification when activated by caspase cleavage (C-tail removed) or α1-adrenoceptor signaling (C-tail intact; Chiu et al., 2017) . These observations suggest that it is unlikely that the C-tail of PANX1 is responsible for voltage-dependent gating. In sum, direct measures of P O provide little evidence for voltage-dependent gating of human PANX1 channels.
In light of this, we reexamined the data and assumptions inherent in the previous indirect analysis that inferred voltage-gating of Panx1 based on comparisons between normalized single-channel and whole cell I-V relationships and identified a critical factor that likely yielded misleading information (Romanov et al., 2012) . That analysis involved a normalization procedure that was based on a single data point (i.e., peak current at 80 mV); this single-point normalization does not recognize the outwardly rectifying nature of the wholecell and single-channel currents, and disproportionally skews the normalized single channel I-V relationship, especially at hyperpolarized potentials. By using a more appropriate two-point normalization procedure and making comparisons with the CBX-sensitive whole cell current component, we found that unitary conductance and whole cell currents of C-terminally cleaved human PANX1 are closely aligned across a wide range of voltages (Fig. 3 C) . This indicates that the single channel rectification can account essentially entirely for the whole-cell rectification and obviates any need to invoke voltage-gating of the channel. Moreover, given that Panx1 channels allow both cation and anion permeation (Pelegrin and Surprenant, 2006; Santiago et al., 2011; Seminario-Vidal et al., 2011) , the unconventional voltage-gating mechanism recently proposed for the channels, which depends on anionic selectivity, should receive additional scrutiny (Nomura et al., 2017) .
A structure-function model for Panx1 activation by displacement of C-tails Using the substituted cysteine accessibility method (SCAM) to analyze inhibitory effects of thiol-modifying reagents on mouse Panx1 current in Xenopus oocytes, Wang and Dahl (2010) suggested that a region near the first TM domain and the first extracellular loop forms the outer pore lining, and the C-tail is localized within the pore itself. In agreement with this work, our group later demonstrated that currents from C-terminally truncated PANX1 channels were inhibited by overexpression of C-tails, suggesting that they have an autoinhibitory role (Sandilos et al., 2012) , and that physical dissociation of the autoinhibitory C-tail is necessary for cleavage-mediated PANX1 activation (Sandilos et al., 2012) . By analyzing unitary properties of Panx1 channels, we further demonstrated that both unitary conductance and P O , along with ATP/dye permeation, are gradually increased when C-tails are sequentially removed from the channel complex . These observations led us to propose a structure-function model that envisions the process of Panx1 activation by either irreversible or reversible displacement of C-tails. In such a model (Fig. 4 A) , increased conductance may reflect reduced steric hindrance associated with C-tail removal; such a steric effect is implied by the stepwise increase in single-channel currents as additional tails were removed, and the observation that passage of small ions (i.e., current) occurred when only a single C-tail was removed but permeation to larger molecules required removal of at least two C-tails . Cleavage of the C-tails may also decrease resistance by shortening the length or increasing the width of the permeation pathway. Note, however, that C-tails appear to have a negligible effect on ion selectivity, as indicated by a similar reversal potential among channels containing varying numbers of intact C-tails .
In addition to the quantized increases in unitary conductance, removal of C-tails also increased channel open probability in a stepwise fashion. Even so, it is clear that the C-tails cannot form the actual channel gate because fully cleaved channels transition between open and closed states, with a maximum P O of ∼0.4. Interestingly, human PANX1 channels activated by α1 adrenoceptors achieve a unitary conductance similar to that of fully cleaved channels, despite their intact C termini. The major difference is that α1 receptor-activated channels show substantially shorter open time than C-tail-cleaved channels ; Fig. 4 B) . The more flickering behavior of α1 adrenoceptor-activated channels may reflect repeated association and dissociation of C-tails from the channel pore (e.g., in response to rapid addition or removal of the posttranslational modifications) or a reduced binding affinity caused by stable posttranslational modifications. On the other hand, the flickering opening may be caused by allosteric effects on Panx1 channel gating by receptor-induced posttranslational modifications Fig. 4 C) . Interestingly, ATP permeation has been reported in α1D adrenoceptor-activated mouse Panx1 despite similar unitary conductance of the unstimulated and receptor-activated channels (Billaud et al., 2015) . High-resolution, 3-D structures of Panx1 channels activated by different mechanisms would help reveal the specific conformations that account for these different channel properties.
Remaining questions for activation of Panx1 channels
Several questions remain unanswered regarding the various gating mechanisms of Panx1 channels, especially for reversible modes of channel activation such as high extracellular K + or NMD AR-Src signaling. For example, does the model of C-tail displacement apply in these circumstances, and/or does high K + or tyrosine phosphorylation activate Panx1 channels in a progressive manner that reflects sequential subunit modification? For NMD AR-Src signaling, where there appears to be basal phosphorylation of the unstimulated channel, is there a specific number of phospho-tyrosines that support channel activation? For these and similar questions, a comprehensive analyses of the unitary properties of Panx1 channels activated by these mechanisms is required.
Another set of intriguing questions relate to differences between mouse and human Panx1 channels. Unlike human homologues, mouse Panx1 is basally active without additional stimulation (Ma et al., 2012; Romanov et al., 2012; Sandilos et al., 2012; ; this may be partially explained by a nonconserved region following the C-terminal caspase cleavage site (Sandilos et al., 2012) . Most puzzling, however, is the observation that unstimulated mouse Panx1 channels have conductance properties that appear to be quite similar to those of human PANX1 after cleavage or α1 adrenoceptor activation: the basally active channels are also outwardly rectifying, with a peak conductance ∼70 pS. The flickering behavior and the mean open time of unstimulated mouse Panx1 channels resemble the gating kinetics of full-length human Panx1 channels activated by α1 adrenoceptors (Romanov et al., 2012; Chiu et al., 2017; Nomura et al., 2017) . Nevertheless, despite unitary properties that are generally similar to receptor-activated human PANX1, the unstimulated mouse Panx1 channels do not appear to support ATP release or dye uptake (Romanov et al., 2012; Wang et al., 2014; Billaud et al., 2015) . The reasons for this are currently not known. It is possible that the lower P O or shorter open time of unstimulated mouse Panx1 is incompatible with permeation of ATP or fluorescent dyes.
Nevertheless, given that similar gating mechanisms are likely shared by mouse and human Panx1, further exploration of the structural and biophysical differences between the mouse and human homologues may provide better understanding of Panx1 gating. In addition, it is known that mouse Panx1 can be further activated by caspase-mediated cleavage or by α1 adrenoceptor signaling (Qu et al., 2011; Billaud et al., 2015) . Whether mouse Panx1 channels undergo a graded increase in both unitary conductance and P O in response to various activators requires further analysis. Aside from a relative hypotension during the active period, genetic deletion of Panx1 in mice is generally benign in the absence of an insult or physiological challenge (e.g., with ischemia-reperfusion or nerve injury; Bargiotas et al., 2011; Billaud et al., 2015; Weaver et al., 2017) . Are native mouse Panx1 channels basally silent in vivo because of unidentified inhibitory mechanisms? Do native Panx1 channels contribute to cellular homeostasis and membrane potential? Also note that Panx1 orthologues from different species (e.g., rat, mouse, or human) have very different splice variants (Bruzzone et al., 2003; Ma et al., 2009; Li et al., 2011) , and caution should be used when extrapolating between these different channel orthologues.
Outlook
Studies of Panx1 are drawing tremendous attention in various fields because of the diverse (patho)physiological functions of the channel. Although many channel activation mechanisms have been described, other regulatory mechanisms remain relatively unexplored. For example, little is known regarding transcriptional or translational regulation (Dufresne and Cyr, 2014; Zhang et al., 2015) , channel protein trafficking and degradation (Boassa et al., 2007 (Boassa et al., , 2008 Gehi et al., 2011) , or context-specific interactomes. In addition, current views on Panx1 have largely focused on its role in purinergic signaling; however, its role as an ion channel, affecting cell membrane potential dynamics, or its potential ability to release other large molecules, such as glutamate, osmolytes, or other electro-neutral permeants, remain to be examined. To date, Panx1 activity has been investigated primarily by loss-of-function approaches, either pharmacological or genetic, and there may be great value in taking the converse approach if Panx1 channel activators could be discovered. Moreover, efforts to elucidate the biophysical mechanisms for various inhibitors and to search for specific activators would provide new information regarding channel function, and may present a potential avenue for designing better agents to treat various Panx1-related defects in a context-dependent manner. 
